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reaction (PCR), have not yet found their place in clinical practice guidelines mainly due to the lack of standardization. However, currently, no nucleic acid-based tests have been externally validated for IA detection and hence, PCR is not included in the current European Organization for Research and Treatment of Cancer-Mycology Study Group diagnostic criteria. [10, 11] Development of Aspergillus PCR is promising diagnostic tool but faces barriers to its implementation in clinical practice. [12] Other molecular identification methods for identification of Aspergillus sp. is mainly sequence based. [13] However, all these techniques are either time-consuming or labor demanding and are thus impractical in most clinical laboratories. On the other hand, the ultimate sensitivity of any PCR assay for the detection of fungal pathogens depends on the efficient lysis of fungal cells in the sample and the purification of DNA that is free of PCR inhibitors. [14] DNA extraction is also a very important step, especially for filamentous fungi. [15, 16] Exact diagnosis of IA remains complicated due to non-specificity of clinical signs and the difficulty in obtaining proper specimens for diagnosis. As a result significant proportion of cases remains undetected. [17] The recently developed standardised methodologies by the European Aspergillus PCR Initiative for Aspergillus DNA extraction from whole blood specimens requires multi-centric evaluation. There are only very few studies from India regarding IA using molecular based methods. [18] In this study, we evaluated three different methodologies, for extraction of pure and high yield DNA from a wide range of medically important filamentous fungal species and finally developed a two-step real-time PCR targeting 28S rDNA, beta-tubulin and calmodulin gene for early detection of four medically important Aspergillus sp. commonly found in our cancer hospital and bone marrow transplantation center.
MaterIals and Methods

Test isolates
Four medically important Aspergillus sp., i.e., three reference isolates A. fumigatus (ATCC-1022), A. niger (ATCC-16404), A. flavus (ATCC-204304) and one clinical isolate A. terreus (verified by DNA sequencing) were used for standardization of all the experiment. The isolates were maintained as a suspension in sterile distilled water at room temperature through periodic viability checking. All fungal species were grown on Sabourauds Dextrose Agar (BD Difco, USA) incubated for at least 5 days at two different temperature, i.e., 37°C and 25°C. After incubation, fungal spores were suspended in normal saline. The inoculum size was initially adjusted to an optical density adjusted to OD 0.6 nm by spectrophotometer (wavelength, 530 nm), (Bio-Rad Lab, Smart Spec Plus, and USA) and finally, it was adjusted to 1.0 × 10 8 conidia/ml by microscopic enumeration with a cell-counting hematocytometer. Serial dilutions of this suspension were made in sterile normal saline. All other tested microbial isolates [ Table 1 ] were used for quality checks.
Precautions taken to avoid cross contamination
Dedicated pipettes, aerosol barrier filter tips and molecular grade reagents were used for extraction and PCR amplification. A unidirectional work flow was followed. The extraction of DNA, preparation of master-mix, addition of template and amplification were carried out in Class II, Type A2 Biological Safety Cabinet hoods (Thermo Scientific, USA) with ducted facility in separate laboratories that were independently equipped. All work surfaces were wiped with 150 ppm sodium hypochlorite and 70% ethanol at every stage.
Collection of isolates other than Aspergillus species
A collection of 34 DNA extracts include bacteria, fungus (yeast and mold), virus and human male and female DNA was used for this study [ Table 2 ]. All clinical isolates other than standard reference isolates used in this study were obtained and confirmed in the microbiology laboratory of Tata Medical Center, Kolkata, India. All bacterial and yeast clinical strains used in this study were confirmed by automated Vitek 2 (bioMérieux, France). Viruses, like Cytomegalovirus WHO 1 st international standard for CMV NIBSC 09/162 were used in this study. Other viral isolates herpes simplex virus (HSV 1 and HSV 2) was gifted by clinical virology laboratory of Christian Medical College, Vellore, India.
Extraction of fungal DNA Protocol A
Using QIAamp DNA mini kit, (Qiagen, USA) with prior chemical treatment: in this protocol, we introduced a chemical treatment like sodium dodecyl sulfate or SDS (Sigma-Aldrich) or β-mercaptoethanol, (Sigma-Aldrich, USA) before commercial kit extraction step.
Protocol B
QIAamp DNA mini kit with glass beads (BioSpec, USA): extraction was performed using a modification of protocol A, where the chemical treatment step was replaced with boiling for 10 min followed by freezing the sample at −50°C and agitation with 0.5 mm glass beads. Qiagen buffer ATL was added to each tube and a volume of sterile glass beads approximately equal to 100 µl was added. Samples were processed for 30 s pulse at 5000 rpm in a Mini-BeadBeater-8 (BioSpec Products), followed by centrifugation at 13,200 rpm in a centrifuge (Eppendorf) for 10 min. After re-suspending the cell pellet in Qiagen buffer AL with proteinase K and incubating at 55°C for 10 min, the supernatant fluid from each tube was transferred to sterile 1.5 ml microcentrifuge tubes and extraction was continued using a QIAamp DNA mini kit according to the manufacturer's instructions. The nucleic acid was eluted in 50 µl Qiagen buffer AE.
Protocol C
This protocol used completely automated QIAcube extraction using QIAamp DNA mini kit (Qiagen, Valencia, CA): For this protocol, initial concentration of the sample was fixed 0.5-1.0 MacFarland standard. Extraction was carried out according to the manufacturer's guideline and the eluted in 50 µl Qiagen buffer AE. The DNA recovered in all procedures was immediately analysed or stored at −20°C until further use. All tested protocols were repeated at least three times for reproducibility of yield and quality. Integrity of the genomic DNA was checked by three different methods. First, NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) in triplicate to determine the DNA concentration and the absorbance at 260 nm (A260), of the samples from each extraction protocol. In addition, the absorbance at 280 nm (A280) was measured and the A260/A280 ratio determined for the purity of DNA. A mean was taken for all the samples extracted from each protocol to determine the average A260 value and A260/A280 ratio. Second, for each isolates 4 µl of extracted DNA stock solutions were dissolved in AE buffer (Qiagen, USA) were visually checked under ultraviolet-light after electrophoresis on 0.8% agarose gels, using Lambda DNA/HindIII Marker (Thermo Scientific,USA) as a reference marker. Finally, the yield and purity of extracted DNA for three different DNA extraction protocols was compared by a Aspergillus sp. specific real-time PCR assay targeting rRNA gene.
Polymerase chain reaction primer design
In the first PCR step (pan-Aspergillus PCR), the target was 28S rDNA gene, whereas in the second species-specific PCR, the targets were beta-tubulin (for A. fumigates, A. flavus, A. terreus), gene and calmodulin gene (for A. niger). The 28S rDNA gene sequences of fungi, humans, mice, rats, mite, algae, pollens and bacteria were retrieved from the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/Entrez). The pan-Aspergillus fungal primers and probe, along with beta-tubulin and calmodulin primers/probes were designed using the array of 28S rDNA/beta-tubulin/calmodulin gene sequences by 'Primer 3 V.0.4' software (http://bioinfo.ut.ee/primer3-0.4.0/) (Untergasser et al. 2007 ). The primers and probe were homologous for the fungi, but not homologous with other organisms (i.e., humans, rats, mice, mite, algae, bacteria and pollens). Note that, although bacteria and algae were examined in their sequences during the primer design, they were not included in the actual experimental tests, because their sequences contain >10 mismatched bases with the designed primers and were thought not to be conducive to cross-amplification. The specificity of our fungal primers was examined by comparing with published 'universal' fungi primers. All the primers used in this study were synthesised by Sigma Aldrich Chemicals Pvt. Ltd., India.
Pan-Aspergillus polymerase chain reaction amplification
The TaqMan based real-time PCR assay was carried out with the custom designed 28S rDNA region specific primers and probes (Sigma-Aldrich, USA). Specificity of the primers and probes were checked using NCBI blast (http://www.ncbi.nlm. nih.gov/tools/primer-blast). The following sequences of the forward primer 5'-TCTAAATGGGTGGTAAATTTC'3, reverse primer 5'-CATCTTTCGATCACTCTACT'3 and the probe were 6[FAM] GCTAAATACTGGCCGGAGACC[BHQ1] were used for the PCR assay. Each reaction contained 12.5 ul Quantitect multiplex PCR master mix (Qiagen, MA, USA), 250 mM of each primer (forward and reverse) with 150 nM of probe (Reporter FAM, Quencher TAMRA) and 5 µl of DNA template were used. PCR reaction were run on the Rotor Gene Q (Qiagen, Germany) thermocyclers with a total reaction volume of 25 µl with 40 cycles with a initial hold at 95°C for 10 min followed by cycling including 95°C for 30 s, annealing at 55°C for 60 s and finally analysis through the green channel.
Species specific polymerase chain reaction
This PCR involved detection of the beta-tubulin or calmodulin gene targets, and was only done if the first step PCR was positive. It was found that the beta-tubulin gene of A. niger was closely related to Penicillum species. Hence, a different gene target (namely calmodulin) was selected for A. niger detection. No such problem of cross reactivity was noted for A. fumigatus, A. flavus and A. terreus.
Each PCR reaction contained 12.5 ul Quantitect multiplex PCR master mix (Qiagen, MA, USA), 250 mM of each primer (forward and reverse) with 150 nM of the probe (Reporter FAM, Quencher TAMRA) Table 1 and 5 µl of DNA template were used. PCR reaction were run on the Rotor Gene Q (Qiagen, Germany) thermocyclers with a total reaction volume of 25 µl with 40 cycles with a initial hold at 95°C for 10 min followed by cycling consisting of 95°C for 30 s, annealing at 58°C for 60 s, and finally analysis through the green channel.
Spiked specimens
To assess the limit of detection of the assay, we selectively prepared inoculum of all four tested Aspergillus sp containing 10 8 conidia/ml by using a cell-counting hematocytometer. 3 ml of the primary specimen (whole blood) was spiked with this suspension by serial dilutions (using 1:10 dilution of the original stock in distilled water) were prepared to yield eight different 1-ml inocula ranging from 10 8 conidia/ml to 10 2 conidium/ml. Each dilution was used for DNA extraction followed by real-time PCR. All isolates were tested in triplicate.
The DNA extracted was quantified using an in-house real-time PCR to establish equivalence between conidia/ml and ng of DNA/ml.
Melting curve experiment
Melt curve analyses were performed in the Rotorgene Q real-time PCR instrument. The PCR was performed on 5 µL of nucleic acid extracted by our in-house standardised protocol B. The DNA concentrations used in the PCR ranged from 4.6 to 10.4 ng/reaction. The total PCR volume was 20 µL and contained SYBR Green qPCR ReadyMix (2X) (Sigma, USA),0.2 µM each of the forward and reverse Aspergillus primers and 5 µl water. Temperature cycling was performed with initial holds at 58°C for 5 min and 95°C for 1 min, followed by 42 cycles of amplification, then run through the post-PCR melting step (38°C to 95°C ramp at a rate of 0.05°C/s), with continuous signal acquisition.
DNA sequencing and sequencing data analysis
ß-tubulin and calmodulin (βtub and CaM genes) partial sequences available in NCBI and EMBL for Aspergillus species of section Fumigati were aligned and compared employing the Geneious software version 4.7 (Biomatters Ltd, Auckland, New Zealand) and BioEdit sequence alignment editor (available at http://www.ctu.edu.vn/~dvxe/ Bioinformatic/Software/BioEdit.htmwebsite). Sequencing results from this study, which included sequences from several A. fumigatus isolates and from ten strains of section Fumigati, were added to a final database that included all partial sequences of βtub and CaM genes. Based on comparisons of all of the aligned sequences, polymorphic sites that were able to discriminate different fungal species were identified.
Statistical analysis
Data are expressed as mean ± standard deviations of at least three independent experiments. Results from all studies were compared with unpaired two-tailed Student's t-test and P < 0.05 was considered to be statistically significant.
Nucleotide sequence accession number
DNA sequencing results for isolates used for probe design were deposited with GenBank, and the accession numbers are as follows: A. flavus strain CDC B-5333, AF117920; A. fumigatus strain CDC B-1172, U93683; A. nidulans strain CDC B-5446, U93686; A. niger strain CDC B-5331, U93685; A. terreus strain CDC B-5502, U93684; A. ustus strain ATCC 16801, AF454136; and A. versicolor strain ATCC 10072, AF454142.
All necessary permits were obtained for the study. The study was approved by the Institutional Review Board, Tata Medical Center, Kolkata, India.
results
Optimization of DNA extraction from Aspergillus species
All samples extracted by each extraction process were run in triplicate, and the median value was recorded, giving three different figures per extraction. The median of these three values was then taken to give an overall figure for comparison [ Figure 1 ].
Within each protocol, major differences in yield and purity were observed between the three individual tested protocols from the same amount of initial inoculum concentrations used (1.0 × 10 8 conidia/ml). Protocol B achieved the best result as compared to other two protocols. The result of protocol A for all four tested Aspergillus sp. had DNA concentration in the range from 96.2 to 158 ± 25.83 ng/µl (tested in triplicate), and the purity was 1.9-1.7 ± 0.07. Protocol A had 30 ng/µl of DNA, and their purity was 0.89-1.2 ± 013. The yield of DNA using Protocol B found to be significantly higher (P < 0.05) for four Aspergillus sp. [ Figure 1 ].
The automated methods (using QIACube, Qiagen, Germany) gave a lower yield of DNA over a range of concentrations than the other two protocols; with the Ct values obtained consistently being three to four cycles higher than the equivalent sample that was extracted manually (data not shown).
In vitro performance testing for specificity of the primers
To analyze the accuracy and purity of the extracted DNA by our custom designed primers and probes, we used real-time PCR. The threshold was set manually to be above all of the negative controls. Therefore, all samples that were above the threshold were deemed positive, and the Ct value was recorded.
The Aspergillus PCR assays were tested for specificity by utilizing a panel of 34 species [ Table 2 ]. The Aspergillus species-and genus-specific primers were designed to maximize homology to the target species and minimize homology to the nontarget species, respectively. The species-specific assays detected only the target species, as summarised in Table 1 . The pan-Aspergillus real-time PCR assay detected all Aspergillus sp. tested [ Table 3 ]. To assess the potential for cross-reactivity with other molds, the pan-Aspergillus, A. fumigatus, A. flavus and A. terreus assay oligonucleotides were analysed using BLAST searches against other major hyaline and pigmented mold pathogens and were determined to be not cross-reactive with the following genera: Fusarium, Scedosporium, Paecilomyces, Alternaria, Cladosporium. Rare matches were encountered in Paecilomyces BLAST searches using the pan-Aspergillus assay oligonucleotides as query sequences. Paecilomyces marquandii, Paecilomyces variotii and several Byssochlamys sp. (teleomorph of Paecilomyces) sequences matched the pan-Aspergillus assay sequences, but the matches were infrequent. Most of the available sequences of the suspect Paecilomyces spp. did not match the pan-Aspergillus assay sequences.
Analytical specificity and sensitivity of custom designed oligonucleotide for species specific Aspergillus polymerase chain reaction
To determine specificity, the primer pair was tested on total genomic DNA (50 ng for each sample) from 32 other microbial Table 1 ]. To evaluate the sensitivity of PCR assay, serial dilutions of the total genomic DNA of Aspergillus sp. ranging from 1 pg to 400 ng were prepared and amplified with designed primers as described in Table 2 . The experiments were repeated at least three times [ Figure 2 ]. The analytical sensitivity of the pan-Aspergillus PCR using the target probe for four medically important Aspergillus species was found to be 10 2 CFU/mL.
Melting curve for the target amplicon of four medically important Aspergillus species with melting point of 85°C
We evaluated whether a subsequent melt curve (Tm) analysis of the full amplicon could discriminate between these three sections. This approach provided us with a characteristic denaturation curve for A. flavus, A. fumigatus, A. niger and A. terreus isolates. Tm analysis was able to distinguish among the four tested medically important Aspergillus sp.
[ Figure 3 ]. The analysis of the normalised melting curves of the probe confirmed this distribution (data not shown).
Detection of cross-reactivity of species specific Aspergillus primers by melting curve
It is not uncommon to detect the presence of accompanying non-Aspergillus fungal species in specimens containing Aspergillus isolates. To determine the cross-reactivity of the assay and to evaluate potential interferences of these accompanying fungi in accurate identification of Aspergillus, we have tested all four Aspergillus isolates against the desired species specific Aspergillus PCR. All the Ct values were monitored up to 40 cycle of amplification. No cross-reactivity was detected against the desired primers.
Sequence base verification of post-polymerase chain reaction product
Post-PCR sequence based data verified with BLAST search analysis, using each Aspergillus species probe sequence revealed no significant homology with 28s rDNA reference sequences with any unrelated or medically significant fungus for the A. flavus, A. fumigatus, A. niger, A. terreus primers. All the PCR product was sequenced and the data were verified for all four desired Aspergillus sp., and the accession numbers are shown in Table 2 .
This results were also verified with spiked experiment and the result showed that our custom designed probes did not cross-react with DNA from any of the other bacteria, yeasts, molds, or human DNA tested [ Table 1 ].
dIscussIon
Microbiological identification of IA remains a great challenge till date. [19] Confirmation of the diagnosis of IA often requires obtainment of tissue for histology and culture. Unfortunately, such procedures are often not feasible in immunocompromised patients most of the time due to their poor physical condition. [20] To address the issue, a real-time PCR based identification on blood sample is an important step towards diagnosis of IA in clinical microbiology laboratories because the collection of blood is less invasive than that of BAL fluid or tissue. [21] In this study, we have developed a method for efficient extraction of Aspergillus DNA from four major medically important Aspergillus sp. and two different set of real-time PCR were designed, i.e., pan-Aspergillus PCR and a Aspergillus species-specific real-time PCR.
The comparative analysis of our nucleic acid extraction showed protocol B (heating >freezing >bead beating) had a significantly high DNA yield compared to other tested protocols (P < 0.05). The quality and yield of the extracted DNA from these fungal species were comparable or even higher than a number of previously published fungal DNA extraction methods including automated and manual systems. [14, 22] We tested other fungal species as well following same protocol and accordingly found good recovery of DNA from these human pathogens (data not shown).
As A. fumigatus, A. flavus, A. terreus, A. niger are prevalent Aspergillus species prevalent in our set up, we attempted species specific DNA detection of those species. The results from this study showed that both of our custom design primers (genus and species specific) were efficient, fast and reproducible in the detection of four medically important Aspergillus sp. The analytical sensitivity of the genus specific PCR assay was found to be 10 2 CFU/mL. The specificity result of the primers and probe showed that our species specific PCR can easily distinguish between four tested Aspergillus sp. Previous studies have shown that certain species of Aspergillus are not easily distinguished by traditional morphological techniques, and typically are identified by DNA sequencing methods. [23] Our β-tubulin gene specific PCR primers can distinguish A. niger, from other species based on the β-tubulin gene sequence. PCR amplification from total DNA using these primers was species specific; no amplification occurred from non-target species DNA for each primer pair. In addition, with these primer sets, each species could be detected in the direct clinical sample following mixed-species inoculation with Aspergillus spores. This indicates that PCR with these species-specific primers and probes may be useful in determining the distribution of Aspergillus species in real clinical samples without the need for species identification from isolated strains, as well as detecting species that may be infrequently isolated by culture-based methods.
Previous studies have showed there are multiple Aspergillus sp PCR based assay were now available for early detection of IA compared to conventional standard assay protocols. [24] Interestingly, studies that used PCR assays of serum yielded higher specificity (85% versus 73%) and lower sensitivity (78% vs. 86%) estimates than those that used whole blood assays, but these differences did not reach statistical significance. It is of note that the average specificity of serum was significantly higher than that of whole blood without bead beating (P = 0.04). Another study by Morrissey et al. showed that the use of PCR along with antigen based assay for the direction of IA reduce the use of empirical antifungal treatment by (17%; P =0.002). [25] This approach is an effective strategy for the management of IA in high-risk hematology patients. A systematic review and multicenter based meta-analysis by Mengoli et al. based on 10,000 samples obtained from 1618 patients also suggest a single PCR-negative result is sufficient to exclude a diagnosis of proven or probable IA. However, two positive tests are required to confirm the diagnosis because the specificity is higher than that attained from a single positive test. [26] In the clinical point of view, several studies by different center showed a specific Aspergillus PCR assay has also been used in the diagnosis of IA and has shown very good results, with a sensitivity and specificity of 100% and 89%, respectively. [27] [28] [29] Currently, there is a gap of knowledge for a non-culture-based, efficient molecular testing method for the identification of Aspergillus. This is a major limitation, as the mortality of IA increases substantially when the initiation of adequate therapy is delayed. [30] Furthermore, most Aspergillus infections are diagnosed indirectly using GM (or β-1,3-D-glucan) testing, because cultures remain negative in most patients. [31] Therefore, even if limited species specific non-culture-based testing became broadly available, this would be helpful in the early and rapid diagnosis of IA in some patients.
This study was not evaluated in multicenter basis and not tested in real clinical samples which could be the main limitation of this study.
conclusIon
This new two-step real-time PCR allows for a sensitive and rapid detection of Aspergillus species. Furthermore, it can differentiate intra species variation even on culture-negative sample samples. This enables early and targeted therapy in IA patients.
